Electrical Properties of Vacuum Deposited Bismuth Films by Goswami, A & Ojha, S M
A G o s w a m i  a n d  S  M  O j h a
National Chemical Laboratory^ PoonaAl 1 0 0 8
{Received 2 0  M ay  1 9 7 5 ,  revised 2 0  Angnst 1 9 7 5 )
V a c u u m  d e p o f c f i t o d  b i s m i i t l i  l i l m s  w o r e  u i v o s i - i g a U ' d  l ( » r  t h o i j '  o i o c t r i c a ]  
b e h a v i o u r  b e t w e e n  7 8  t o  4 0 0 ° K  T h e . s e  w e r e  K e n u c o j i d u e t i n g  a n d  a l ­
l o w  t e m p e r a t u r e s  w o r e  ? f c - t y p e  b u t  c h a n g e d  t o  7? - t y p e .  a t  h i g h e r  t e m p e ­
r a t u r e  T h e  i n v e r s i o n  t e m p e r a t u r e s ,  h o w e v e r ,  d e p e n d e d  o n  f i l m  
t h i c k n e s s ,
1 .  I n t r o d u c t i o n
T r a n s p o r t  p r o p e r t i e s  o f  b i s m u t h  f i l m s  h a v e  b e e n  s t u d i e d  b y  a  n u m b e r  o f  w o r k e r s  
w i t h  w i d e l y  v a r y i n g  r e s u l t s -  E a r l i e r  i n v e s t i g a t i o n s  o n  p o l y o r y s t a l l i n e  f i l m s  r e ­
v e a l e d  t h a t  t h o s e  w e r e  s e m i c o n d u c t i n g  ( e i t h e r  n- o r  ^ ? - t y p o )  a n d  t h e i r  n a t u r e  c o u l d  
b e  c h a n g e d  f r o m  o n e  t y p e  t o  a n o t h e r  d e p e n d i n g  o n  f i l m  t h i c k n e s s  a s  w e l l  a s  o n  
t h e  d e p o s i t i o n  p a r a m e t e r s  ( R o i m e r  J 9 5 7 ,  S n h r m a n  el al 1 9 5 8 ,  E r i t s c l u *  ef al 1 9 5 3 ,  
T r a o n  et al 1 9 6 9 ,  B h i d e  1 9 7 2 )  D u g g a l  ft al ( 1 9 6 9 )  r e p o r t e d  t h a t  b i s m u t h  f i l m s  
w i t h  t h e  t r i g o n a l  a x i s  n o r m a l  t o  t h e  s u b s t r a t e s  w T u e  s e m i c o n d u c t i n g  d u e  t o  t h e  
q u a n t u m  s i z e  e f f e c t  ( Q S E )  a t  l o w  t h i c l o i e a s  r e g i o n  l e s s  t h a n  lO O O A , w h i l s t  H o f f m a n  
ef al ( 1 9 7 1 )  f o u n d  t h a t  Q R E  r e g i o n  e x t e n d e d  t o  a b o u t  6 0 0 0 A  b u t  \ - h e  t h i e k e i  f i l m s  
i n  a l l  c a s e s  w e r e  s e m i m o t a l l i c .  A l l  t h e  f i l m s  wore, h o w e v e r ,  ^ ) - t y p e  i n - c s p e c t i v e  
o f  t h e i r  t h i c k n e s s .  S i n c e  t h e  b u l k  b i s m u t h  i s  h i g h l y  a n i s o t r o p i c  i n  i t s  e l e c t r i c a l  
b e h a v i o u r ,  i t  w a s  f e l t  n e c e s s a r y  t o  r e i n v e s t i g a t e  i n  d e t a i l s  t h e  e l e e t n c a l  a n d  
S t r u c t u r a l  p r o p e r t i e s  o f  t h e  e v a p o r a t e d  f i l m s  a n d  f o l l o w i n g  i s  t h e  l e p o r t  o n  t h e m .
2  E x p e r i m e n t a l
B i s m u t h  f i l m s  w e r e  p r e p a r e d  b y  v a c u u m  d e p o s i t i o n  o l  h i g h  p i u i t y  b i s m u t h  
r a o t a l  ( 9 9 . 9 9 9 %  p u r i t y )  a t  a  p r e s s u r e  o f  a b o u t  1 0  - '* m m  H g  f r o m  a  
s i l i c a  b o a t  h e a t e d  e x t e r n a l l y  b y  a  t u n g s t e n  f i l a m e n t  w h i c h
T h e  s u b s t r a t e s  u s e d  w e r e  glass s l i d e s  w h i c h  w e r e  c l e a n e d  m t h e  usual v  a y  a n d  
d e p o s i t i o n  w a s  m a d e  o n  t h e m  t h r o u g l t  a n  appropriate m a s k  a t  t h e  r o i i m  ^  p  . 
J e .  T h o s e  f i l m s  w e r e  t h e n  a i m e a l e d  i n  vacuo a t  a b o u t  1 0 0 » C  f o r  a b o u t  a n  h o u r  
T h e  d e p o s i t i o a s  w e r e  a l s o  c a r r i e d  o u t  i n  d i l f i ^ e o t
p o r a t i o n  c o n d i t i o n s  m o r e  o r  l o s s  s a m e  m  a l U a  - . o  m n l t i u l o
L  . b o u t  8 . 1 .  T i t .  l i t a  t l t i o t o .
l » . m  i u L . r o m . t r y  m o f t m l .  T h o » .  l i l m t  . ■ » .  . 1 . 0  " J -  « > "
f r a o t i o x i  u e c h n i q u e  f o r  t h e i r  s t r u c t u r a l  a n d  o r i e n t a t i o n
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Tho iibovo vacuum dopo,sited films were then studied for their electrical 
property, viz , resistance (i2) and Hall voltage (Vh) different temperatures 
(78-400”K) for different film thicknesses (d) and parameters such as resistivity 
(p), Hall constant (Rh), mobility (p), carrier concentration (n), etc were then eva­
luated u^ sing the conventional relations Tho details of the measuring tochniqm  ^
and tlio precautions taken, etc were similar to those reported earlier (GoSwami 
ef al 1973). Tho basic arrangement consisted of a cryostat into which the sample 
having five leads was inserted and the whole assembly was put inside tho pole 
gap of an electromagnet, the field and polarity of which could bo varied. Vu was 
measured between tho Hall probes, current from the potential drop across a 
standard resistance and resistance (R) from tho potential drop between two leads 
and from tho known current passing through the sample. Precision Vernier 
potentiometers (accuracy wore used for potential measurements. Provi­
sions wore also made for heating and cooling those smplos between the whole 
temperature range and chrome! and 7>-alumcl thermocouples were used for measur­
ing temperature All measurements were carried out at yacuum 10~“mm Hg
3 R esults
(i) Re,ustivity (p) and acti'Vation anergy (/^E)
The resistance of bismuth films of different thicknesses was measuri^d al 
300°K and the resistivity was plotted as a function of thickness (figuie 1). Poi 
thicker films (c/> 1000&) resistivity was almost independent of film lluclvness
but for thinner films it increased considerably with the decrease of d as is ilic 
general case of all vacuum deposits The variation of resistivity with temperature 
for different film thicknesses (figure 2) showed that at low temperature region 
resistivity was almost constant but it decreased considerably with the increase of 
temperature at the higher temperature region and the variation of log p Avas linear
Electrical properties of bismuth films 849
mth 1/T. This was true for all film tKickiioR,M's thus Kut;gisimg i.hiii thr deposits 
wore semiconducting m nature unlike t,he Imlk maieri.il ulueli is semi-meiallie 
i e having positive ICR. Activation energy at highei temjieniture region e.sti- 
mated from tho slope of tl!.e curve was almnr. 0 05 eV
( l i )  Hall codfficieni {Hh ), carrkr coiicevfraliov (n), wohtht}/ (fj). He
Hall voltage way mcayured as a fiinctiou of iluclviu'Ss at. different le‘mperaturos 
and Rh : n, fi, etc wore evaluariod. I'ignre » showy a rypical variation of i?// w^ irh 
d at two extreme ends of tomporamires viz 78 and 300“K. 'rhoso curves hIioav
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H e v o j r a l  f e a t u r o s  d e p e n d i n g  o n  t l i . e  m e a s u r i n g  T - e m p e r a t u r o s  T t  i s  s e e n  t h a v  lU  
l i q u i d  n i t r o g e n  t e m p e r a t u r e  r e g i o n  7 ? h  o f  a l l  f i l m s  (d 7:  ^ 735 t o  4800A) w a s  n e g a t i v e  
a n d  I t  i n c r e a s e d  a l m o s t  l i n e a r l y  w i t h  t h e  i n c r e a s i n g  f i l m  t h i c k n e s s ,  t h u s  s u g g e s t i n g  
t h a t  t h e  s a m p l e s  g r a d u a l l y  b e c a m e  e f f e c t i v e l y  p u r e r  d u e  t o  t h e  l e a s  c o n o e n t r a i i n n  
o f  c h a r g e  c a r r i e r s  T h e  e s t i m a t i o n  o f  n ( e) a l s o  c o n f i r m s  t h i s  ( f i g u r e  3 )
T t  i s  a l s o  s e e n  t h a t  c a r r i e r  c o n c e n t r a t i o n  o f  t h i n n e r  f i l m s  w a s  h i g h  a n d  a l m o s t  
t e n  t u n e s  m o r e  t h a n  t h a t  o f  t h i c k e r  f i l m s  T h i s  a b n o r m a l  i n o r o a a e  i n  t h e  c a r n w '  
c o n c e n t r a t i o n  i s  n o  d o u b t  a s s o c i a t e d  w i t h  t h e  d i s c o n t i n u i t i e s ,  v o i d s ,  e t c ,  w h i c h  
a r e  i n v a r i a b l y  p r e s e n t  i n  t h e  t h i n  f i l m s .
Fig. 4. Hall coofticiont 1 /T
Rh  a t  3 0 0 ° K  o n  t h e  o t h e r  h a n d  w a s  n o t  o n l y  p o s i t i v e  b u t  a l s o  s h o w e d  a  p e a k  
d u e  t o  t h e  p r o d o m i n o n c e  o f  h o l e s  W i t h  t h e  f u r t h e r  i n c r e a s e  o f  f i l m  t h i c l m c s s  i i .  
d e c r e a s e d  a n d  b e c a m e  n e g a t i v e ,  t h u s  s u g g e s t i n g  t h a t  t h e  p r e d o m i n a n t ^  c h o x g e  
c a r r i e r s  w e r e  n o w  e l e c t r o n s .  T h e  e f f e c t i v e  Eh a t  3 0 0 ° K  w a s  z e r o  a t  a  c r i T i c j a l  
t h i c k n e s s  o l  a b o u t  3 2 0 0 A  w h i c h ,  h o w e v e r ,  v a r i e d  A v i t l i  t h e  m e a s u r i n g  t e m p e > r a t u r ( ^  
T h e  c o r r e s p o n d i n g  v a r i a t i o n  o f  n i s  a l s o  s h o w n  i n  t h e  g r a p h .  A t  t J i o  c r i t i c a l  t h i c k ­
n e s s  r e g i o n  n c a n n o t  b e  c a l c u l a t e d  f r o m  Rn  f r o m  t h e  s i m p l e  r e l a t i o n  w h i c h  
p r e s u p p o s e s  t h e  p r e d o m i n a n c e  o f  o n e  t y p e  o f  c h a r g e  c a r r i e r s .  T h e  d e p e n d e n c e  o f  
t h e  c r i t i c a l  t h i c k n e s s  o n  t h e  t e m p e r a t u r e  a t  w h i c h  R h s h o w e d  a  c h a n g e  o l  s i g n  i s  
s h o w n  m o r e  c l e a r l y  i n  f i g u r e  4  w h e r e  Rh  v ^ a s  p l o t t e d  a g a i n s t  l / T  f o r  d i f f o r e i i t  f i h u  
t h i c k n e s s e s  T t  i s  s e e n  t h a t  w i t h  t h e  d o e r e a a e  o f  f i l m  t h i c k n e s s  t h e  t r a n s i t ! t m  
f r o m  9 i - t y p e  t o  ^ - t y p e  o c c u r r e d  a t  t h e  l o w e r  t e m p e r a t u r e  r e g i o n  a n d  f o r  t h i n n e r  
f i l m s  t h e  c r i t i c a l  7 2 / / - t e m p e r a t u r e  a l s o  s h i f t e d  t o  t h e  l o w e r  t e m p e r a t u r e  r e g i o n  
T h e s e  r e s u l t s  c l e a r l y  s h o w  t h a t  t h e  c h a n g e  o f  n-  t o  p - t y p e  o r  v i c e  v e r s a  d e p e n d s  
n o t  o n l y  o n  t h e  f i l m  t h i c k n e s s  b u t  a l s o  o n  7 2 ^ - t e m p e r a t u r e .
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Mobility also shows similar cJxaraciojjstics aiut its vanai.iou itb, tPimporB'tujv 
is shown in figure 5 (loglog scale). Iho cojirmuous dc'crcaso of mobjliiv, a mobi­
lity minimum, a subsoquont peak in mobility grtipli and again its (Increase witli 
the increase of temperauire except for the tJiick films (rf 3000A) ari^  also in
Tt*k )
Fig. 5. Mobility' v s 1/T
HA0CTIC FIELD (k GlUfis)
Fig. (I. Mttgnotoresistancc v s magnetic fii'ld (H).
(conformity witli the features observi^d in thn previous Hh graphs Tf^ e mobility 
minimum is an indication of a critical /t! -^t(!mpcvaturo for the particular film 
Ihioliiiess. Since for d( >365oA, Bji was always negative at all temperatures,
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mobility graph did not show any minimum, Thermooleotrio tests at all tem- 
poraturcR oven lo r th in  filmB show od 7i-type behaviour.
(iii) Magneto resistance (Lpjp). etc.
I t was measured with Hpocimons having different dimensions viz. length 
to breadth ratio was say 1:4 instead of 8:1 adopted for Hall effeet measuremenus 
The variation of magneto rosistonoe with magnetic field (H) at 78 and 36o°K 
and its IP  dependence arc*, tivident from the graph (figure 6, log-log scale).
(iv) Structure
A detailed electron diffraction study was also made on the surface structure 
of tJxe bismutli films These films were found to bo hexagonal (rhombohoeb fil 
unit cell) having the same structure as that of the bulk. Tlxese films had a 
textured structure and the orientation developed was mostly 1—d{l(),3} 
Thicker films, howewer, showiul better crystallinity as well as porfeetion ol 
orientation (figure 7).
Fig. 7. l —rf[10.1| oiiontation ot bismuth film
4. D i s c u s s i o n s
The above study reveals that bismuth films whether thick or thin, behave 
more like a semiconductor as the TOR was negative unlike the bulk bismuth 
which is soini-metallic The magneto resistance of these films, both at low and 
room temperature regions, followed law with magnetic field (1000-8000 
gauss) which is also similar to other Semiconducting materials. Electron diffrac­
tion studios, however, did not at all show any abnormal feature in any of these 
films. I t  therefore seems to us that the semiconducting nature of the bismuth 
films cannot be adduced to structures, the size of the crystallites or the preferred 
orientations.
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The most interesting feature of the above electrical study is the thiekucss and 
l,,.mporatiire effects on Rh , n and also on /<• ft is m>llhno« n tlun vacuum diitositod 
ihiit- films are discontinuous in nature and contain many voids in iiddiviou t-o inuti- 
inerable imperfections such as dislocations, gram boimdaries, mislits oC atoms, 
misalignment of crystallites, strest, etc Witb, appeopviaic iiuuealing in vacuo 
these defects can only be partially removed In au.t' semutouducting material, 
these, would create impurity centres in the energy bund ga)> cmui though siaiTing 
material was highly pure With increasing thickness some of tlieso defects.
( 0 t
Fig. 8 Band Htruotiires for bulk and seimcondmsting bisriiutli
J i a i n t d y ,  v o i d s ,  d i s c o n t i n u i t y ,  o t c  w i l l  a t  l e a s t  p a r t i a l l y  b e  r e m o v e d  t i n t s  d e o r c u i s i n g  
t l m  e f f e c t i v e  d e f e c t  c o n c e n t r a t i o z i  h e n c e  a l s o  t h e  c a r r i e r  o o i i c t m t r a l i o j i .  i S u c l i  
f i l i n '  w i l l  a l s o  s h o w  a  c o m p a r a t i v e l y  l o w e r  r c s i i S t i v i t y  a s  o b s e r v e d  i n  t h e  ^ u o s o n t  
( i a s e  ( f i g u r e  1 ) .  T h e  d e c r e a s e  o f  t h e  e f f e c t i v e  c a r i ’ i e r  e o i i c e n t r a t i o n  i s  c l o a r i y  s e e n  
m  l i g L i r o  1 (78°K) w h o r e  R h  c o n t m n a l l y  i n c r e a s e d  a n d  w  d e c r o a s t w l  w i t h  i n c j ’c a s i n g  
f i l m  t h i c k n e s s  In f a c t ,  t h e  c a r r i e r  c o n c f M i t r a t i o n  o f  t l i i n n c s t  f i l m s  (d —  735A) 
w a s  a b o u t  1 0  t i m e s  m o r e  t h a n  t h e  t h i c k e r  f i l m s ,  T S i r t l u u  t h e  n e g a t i v e  Rn  l o r  a l l  
f i l m s  a t  l o w  t e m p e r a t u r e  r e g i o n  r e a l l y  i n d i c a t e ,  t h a t  t l i o  m a j o r i t y  c h a r g e  c a r r i e r s  
e r e  p r e d o m i n a n t l y  e l e c t r o n s .  H o w e v e r ,  t h e  v a r i a t i o n  o f  Rh  » 'n d  t h e  r e v e r s a l  
o l  t h e  s i g n  w i t h  i n c r e a s i n g  t e m p e r a t u r e  s u g g e s t  t h a t  t h e  c u r r e n t  c a r r i e r s  i n  t h i s  
f i l m s  w e r e  b o t h  e l e c t r o n s  a n d  h o l e s  P r e s u m i n g  a  m i x e d  t y p e  o f  c o n d u c t i o n  a t  
I c a s i  a r o u n d  t h e  t r a n s i t i o n  t e m p e r a t u r e  Rh i s  g i v e n  b y  t h e  r e l a t i o n
P __ 1
e (npfip
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Rincie- liff was negative in the lower temperature region, then Uefie^  >
But with the increase of temperature Rh however decreased, and at transition 
temperature Rh — 0, hence When Rh clianged its sign and becaiiK^
positive at the higher temperature region it suggests that the effect of holes Ikjcoiuc 
predominant. Thus these observations of ours are in agreement with the obMcj-. 
vations made by previous workers who observed that the bismuth film could 
botli bo 71-type and ^7-type (loc. e i t ). I t  is not yet clear to us why this change o1 
n to ^7-typo depending on d and temperature ooourred for these films. This may 
be associated with surface states caused by the presence of residual gas mf)l(^ Lu1(‘S 
thus creating p-sites by absorption of gases etc even though the film may be 7i-tyj)c 
Since the effect is more prominent for thinner films, the above assumption in 
reasonable. The thermoelectric tests did not show the above effocts. A.s ihc 
tests are only indicative it may not be sufficiently *seiisitive to this process
The Semiconducting behaviour of scimi-metallic bismutli in thin film stiuc 
may arise from one of the following causes : |
(a) The presence of potential barriers in the disconAimous films having iSliOud
Htructuros where conduction under an electrical field nan take place by dirccl 
tunnelling or through substrate as proposed by Minn (y960), Neug(^baii('.r ei <if 
(1962). \
(b) The quantum size effects (QSE) where the. film tliickness is coniparabk 
to the de Broglie waves (Ogrin et al 1966, Sandomirskii 1967) The theoretical 
treatment for such a case has been given by Sandomirskii (1967)
The former mechanism, however, presumes an island structui'e and discojitj’ 
unity of these films. In the present case since the semiconducting behaviour \\as 
observed oven for very thick films (d ^  3550l) whore island structures will no 
longer be present, it seems that the former mechanism may not be valid for in­
ducing semiconducting properties Due to QSE the overlapping of conduction 
and valence bands valid for the Homi-mctallic state split into sub-bands with tjic 
decrease of film thickness. If the thicltness is substantially small, small gaps arc 
reformed and a semi-metal becomes a semiconductor (figure 8 after Sandomirslui 
1967) This effect is important because of it>s dependence on film thickness and 
hence it can cliange from the degenerate state to non-degenerate one Since tin* 
limit of QSE as observed by Hoffman et al (loc. c i t ) is quite high it seems lo iih 
that the above band structure explains reasonably the electrical behaviour ol 
bismuth films.
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